In this theoretical investigation we demonstrate that the adsorption of spatially extended two-dimensional (2D) π systems such as graphene and hexagonal boron nitride on the ferromagnetic fcc Co(111) surface leads to a specific behavior of the in-plane and interlayer Co-Co magnetic exchange interactions. More specifically, for both systems the magnetic exchange coupling within the first Co layer is enhanced, while the one between the first and the second Co layer is not modified, in contrast to the magnetic interlayer softening induced by organic molecules. Importantly, the in-plane magnetic hardening effect is mainly due to the hybridization between the p z states of the 2D π system and the d states of the Co surface. DOI: 10.1103/PhysRevB.93.220406 The ability to prepare high-quality two-dimensional (2D) materials on semiconductor and metal surfaces has opened the path to investigate a variety of fundamental physical properties of such systems, of which graphene [1] is the most prominent example. Among these are the study of a two-dimensional gas of massless Dirac fermions [2] , the observation of the quantum Hall effect and Berry phase [3] , the prediction of a quantum spin Hall effect [4] , and perfect spin filters [5] , but also many other interesting physical properties that are reviewed in detail in Refs. [6, 7] .
The ability to prepare high-quality two-dimensional (2D) materials on semiconductor and metal surfaces has opened the path to investigate a variety of fundamental physical properties of such systems, of which graphene [1] is the most prominent example. Among these are the study of a two-dimensional gas of massless Dirac fermions [2] , the observation of the quantum Hall effect and Berry phase [3] , the prediction of a quantum spin Hall effect [4] , and perfect spin filters [5] , but also many other interesting physical properties that are reviewed in detail in Refs. [6, 7] .
With the prospect of future spintronics applications, of special interest are the studies of graphene on transitionmetal substrates such as Fe, Co, Ni, and Au that have been the focus of several recent experimental and theoretical investigations [8] [9] [10] [11] [12] [13] [14] [15] [16] . For instance, the weak hybridization between the graphene π orbitals and the d states of the Au atoms in the case of a graphene-Au-Ni(111) system induces an experimentally measurable Rashba effect into the graphene electronic structure [8, 11] . Furthermore, the adsorption of graphene on more reactive substrates such as Co(0001), Co/Ir(111), and Fe/Ir(111) leads to a strong π -d hybridization and consequently to the creation of a new hybrid material whose properties can be considerably different than those of the separated components [9, 10, 14, 17] .
In this Rapid Communication we explore how the adsorption of spatially extended two-dimensional (2D) π systems such as graphene and hexagonal boron nitride (hBN) on fcc Co(111) modifies the magnetic properties of this substrate. It is important to note that finite-size small π -conjugated systems such as molecules adsorbed on ferromagnetic surfaces can significantly change the magnetic properties of the substrate. For example, experimentally and theoretically it was shown that the deposition of phenalenyl-like molecules on a Co(111) surface reduces the interlayer magnetic exchange coupling between the first and second Co layer, known as interlayer magnetic softening [18, 19] . Furthermore, theoretical simulations demonstrated that the paracyclophane molecule chemisorbed on a Fe/W(110) surface locally enhances the magnetic exchange coupling of the metal atoms below the molecule * r.friedrich@fz-juelich.de † n.atodiresei@fz-juelich.de (in-plane magnetic hardening) that practically leads to an enhanced coercive field for the hybrid molecule-surface system compared to the clean surface [20] . In particular, this magnetic hardening effect has been directly measured in recent scanning tunneling microscopy (STM) experiments performed on π -conjugated systems adsorbed on a noncollinear magnetic structure. More precisely, the chemisorption of coronene molecules and graphene nanoflakes onto a 1 monolayer (ML) Fe/Ir(111) surface results in the formation of local hybrid ferromagnetic (collinear) units immersed into the noncollinear background that switch under an applied magnetic field [14] . Even more interestingly, the modification of the in-plane magnetic exchange coupling of the surface metal atoms below such π -conjugated organic molecules can be specifically controlled by employing a chemical functionalization of the adsorbed molecule. As a direct consequence, the coercive field of such hybrid moleculemagnetic surface systems can be precisely tailored over a wide range [21] . To summarize, in a general picture, these ab initio studies revealed that the hardening/softening of the magnetic exchange coupling due to molecular adsorption implies an interplay between (i) an adsorbate-substrate hybridization effect describing the hybridization of the molecular electronic states with the substrate ones and (ii) a geometrical effect defined by the re-hybridization between the surface atoms' d states due to structural changes of the surface induced by the molecular adsorption [19] [20] [21] .
The main goal of our first-principles calculations in this work here is to determine how the extended π systems differ from the finite molecular ones and how they can be employed to engineer the strength of the exchange interactions of a magnetic surface, exemplified by Co(111), via the adsorption of specific 2D systems. For this purpose we have chosen to investigate two extended π systems described by a similar honeycomb lattice containing two atoms per primitive unit cell but with a different electronic structure: (i) graphene, a "zero-gap insulator" with a linear dispersion at the band crossings at the K and K ′ points of the 2D Brillouin zone, a property of the energy dispersion known as a Dirac cone [6] , and (ii) hexagonal boron nitride (hBN), an atomically thin film that is an insulating material with an experimental band gap of 5.5 eV [22] . As a characteristic that is common to both materials, the occupied and unoccupied bands close to the Fermi energy, that determine the interaction of the 2D material with the surface, have bonding π and antibonding π * character. Our results show that after adsorption both extended π systems modify the magnetism of the underlying substrate in a similar way, i.e., induce an in-plane hardening of the magnetic exchange interactions J within the first Co layer. This finding is demonstrated to be qualitatively similar to the case of a Co monolayer intercalated below graphene on Ir(111). However, surprisingly, the adsorption of graphene and hBN on Co(111) does not modify the interlayer exchange coupling constant J ⊥ between the first and the second Co layer. A careful analysis of the electronic structure of the hybrid π -metal-surface interfaces considered in our study reveals that the in-plane hardening is the result of a strong p z -d hybridization between the 2D material film (i.e., graphene or hBN) and the first layer metal states of the substrate. In consequence, this in-plane hardening of the exchange coupling constants is a 2D material-induced hybridization effect [20, 21] .
The spin-polarized electronic structure calculations were carried out in the framework of density functional theory (DFT) [23, 24] u s i n gt h eVASP program [25, 26] . In addition, pseudopotentials generated by the projector augmentedwave (PAW) method [27] were used as constructed for the exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE) [28] . Throughout all calculations a plane wave cutoff of 500 eV was used and a 2D k-point set of 32 × 32 was applied. All structures were relaxed until the forces were smaller than 1 meV/Å. As Co is well known to exhibit strong correlation effects [29] , the DFT+U formalism [30] has been applied for all calculations in the rotational invariant form [31] with an effective Hubbard interaction parameter U eff = 3eV , consistent with previous calculations [18, 29] .
The supercell incorporated seven Co layers in fcc stacking, each represented by a 1 × 1 in-plane unit cell containing one Co atom and one layer of 2D material incorporating two atoms. This is consistent with the common procedure of previous investigations in Refs. [5, 13, 17, 32] to make the 2D material commensurate with the underlying substrate as their lattice parameters match almost perfectly [5, 13, 33] (at least by ≈ 98%). The vacuum in a direction perpendicular to the surface plane was modeled by a region set to a width of 18Å to avoid the interaction between the periodic images.
To identify the ground-state adsorption geometries, we took into account three different possibilities to place the two layer atoms into high symmetry positions in the unit cell (see Fig. 1 in the Supplemental Material [34] for a visualization of these structures). All systems were structurally optimized with the experimental lattice constant of 3.545Åo ff c cC o [ 35] . During the geometry optimization, the upper four Co layers and the coordinates of the 2D materials were allowed to relax. Focusing on the structural optimization, the rev-vdW-DF2 functional [36] [37] [38] [39] [40] [41] was used in order to properly include the nonlocal correlation effects responsible for the long-range van der Waals (vdW) interactions. The exchange coupling constants were determined from total energy differences between anti-and ferromagnetic configurations for which the PBE+U functional provides reliable results.
As a result of the structural optimization of the different graphene/hBN-surface geometries, it is found that the lowest energy is obtained for the top-hcp geometry (i.e., one C/N [42] . The adsorption energies for the top-hcp geometries are included in Table I . This adsorption geometry is favored by at least 0.1 eV in both cases (a comparison of the adsorption energies for both systems is shown in Table I of the Supplemental Material). Overall, the magnitude of the adsorption energies suggests that both systems bind to the Co(111) surface by a weak chemisorption type bonding mechanism, as was also suggested in Ref. [42] for graphene on Co(111).
Moreover, the adsorption of graphene and hBN modifies the magnetic moments of the first Co layer to a significant extent, as presented in Table I . The magnetic moment of the surface Co1 atom directly bound to the extended π systems is reduced from the pristine surface value of 1.95µ B to about 1.8µ B caused by hybridization between the p z -atomic-like states of graphene and hBN with the out-of-plane d z 2 ,xz,yz states of the Co(111) surface. On the contrary, the moment of the subsurface Co2 atom is practically not affected (only changed by 0.01µ B ) [ 43] , indicating that the influence of the 2D system is essentially confined to the first surface layer.
Now we turn to the procedure of how to evaluate the in-plane and interlayer magnetic exchange coupling constants J between the Co atoms of the substrate. We describe the exchange coupling between the magnetic moments of the Co atoms by an effective Heisenberg Hamiltonian, taking into account only the nearest-neighbor interactions, as already applied previously by us [14, [18] [19] [20] [21] ,Ĥ =− i>j J ij m i m j , where m i and m j stand for the magnetic moments of the atoms i and j , respectively. Consequently, the energy difference between a ferromagnetic and an antiferromagnetic configuration can be expressed as E FM − E AFM =−2 n N n J n m n m ′ n , 220406-2 TABLE I. Evaluated adsorption energies E ads per unit cell for graphene and hBN on Co(111). Note that the adsorption energy is defined as E ads =−[E sys − (E subst + E 2D )], where E sys stands for the total energy of the hybrid 2D material-surface system, E subst indicates the total energy of the substrate, and E 2D represents the total energy of the freestanding layer of graphene or hBN, respectively. The Co-Co and C/N/B-Co distances are given inÅ, the magnetic moments of the cobalt atoms in the first (Co1) and second (Co2) surface layer are given in µ B , and the theoretical exchange coupling constants for the 2D material-surface systems and the clean surface geometries induced by the 2D systems are specified in meV per pair.
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With 2D Induced moments material geometry where m n and m ′ n are the magnetic moments of the interacting Co atoms and N n stands for the number of equivalent neighbors of sort n. Using this equation for a suitably chosen set of antiferromagnetic configurations, a linear system of equations can be obtained and used to calculate the exchange coupling parameters J .
As shown in Figs. 1(c) and 1(d), two different types of coupling constants are modified by the adsorption of the π -electron systems graphene and hBN, namely, the inplane exchange coupling constant J describing the coupling between the Co atoms within the first layer and the interlayer exchange coupling parameter J ⊥ describing the coupling between the first and second Co layer. To evaluate the in-plane exchange parameter J ,a2× 2 unit cell was chosen which allows one to calculate a row-wise antiferromagnetic state of the first layer moments.
The calculated exchange coupling constants obtained by using the above-mentioned method are reported in Table I . We note that our calculated exchange coupling constant for b u l kf c cC oi sJ bulk = 24.4m e V( 8 . 0m e V /µ 2 B ) [ 44] , which is in reasonable agreement with the values of 27.64 meV and 8.54 meV/µ 2 B given in Refs. [45] and [18] , respectively [46] . As a general feature, a strong enhancement of the in-plane exchange coupling constant J from 32.0 meV for the clean surface to 85.0 and 68.2 meV due to the adsorption of graphene and hBN on the Co(111) surface is found. We note that the clean surface exchange coupling constant is close to the bulk value [45, 46] .
To compare with the case of a single Co layer, we performed additional ab initio calculations and evaluated the in-plane exchange coupling constants for a Co monolayer intercalated between a (10 × 10) graphene on a (9 × 9) Ir(111) substrate [9] . These simulations revealed that at those regions where graphene forms strong chemical bonds with the Co atoms, a large in-plane hardening of the coupling constants occurs, i.e., the coupling constants increase [see the fcc and hcp chemisorbed sites in Fig. 1(d) in Ref. [9] ]. The corresponding theoretical J fcc = 41.5 meV and J hcp = 37.6 meV are almost one order of magnitude larger than that evaluated at the weakly interacting (physisorbed) top site J top = 4.1 meV, the latter value being practically identical with the exchange coupling of 4.0 meV evaluated for the clean Co layer on Ir(111). A direct comparison with the Co(111) surface reveals that the in-plane exchange coupling constant of the clean Co monolayer on Ir(111) is significantly smaller (i.e., 32 vs 4 meV). Besides this, in both cases the chemisorbed graphene layer induces a significant increase of the in-plane J and the magnitude of this enhancement is more pronounced in the case of Co(111) than for the Co/Ir(111) system.
On the other hand, we would like to emphasize that the direct consequence of the increased in-plane exchange coupling constant at the chemisorbed sites represents a magnetic hardening effect. This is clearly evidenced by the opening of the hysteresis loop measured experimentally for the graphene/Co/Ir(111) system [9] as compared to the clean Co/Ir(111) substrate [47] . At this point it is important to mention that a similar behavior was observed for the graphene/Fe/Ir(111) system [10, 48] and also for an Fe/Ir(111) substrate upon adsorption of coronene molecules and graphene nanoflakes [14] . On this basis we suggest that this magnetic hardening effect can also be experimentally measured for graphene and hBN adsorbed on the Co(111) substrate.
As already discussed in several previous studies [14, 20] , the in-plane hardening of the J 's induced by a π -electron system on a magnetic surface is a direct consequence of the strong hybridization between the out-of-plane d states of the magnetic substrate and the p z -atomic-like ones of graphene (hBN), a contribution denoted in the following as p z -d hybridization. More precisely, a strong 2D material-substrate hybridization process can be clearly identified from the analysis of the spin-polarized projected density of states (SP-PDOS) obtained for all d states of Co1 [see Fig. 2 only the electronic and magnetic properties of the first Co layer.
To emphasize the importance of this fact, we have recalculated the exchange coupling constants for the relaxed geometries of the hybrid systems but with the 2D materials removed so that the contribution of the geometrical changes of the substrate induced by graphene and hBN adsorption can be disentangled. The resulting exchange coupling constants for the 2D material-induced surface geometries are reported in Table I . From these values it can be clearly seen that without the presence of the graphene or hBN, the same surface geometry does not significantly change the in-plane magnetic exchange coupling constant J of the clean surface. This observation unequivocally demonstrates that the 2D material-surface hybridization (i.e., p z -d hybridization effect) is essential to induce the in-plane hardening of the magnetic exchange interactions.
Interestingly, the calculated values for the interlayer exchange coupling constant J ⊥ reported in Table I do not indicate any clear hardening or softening of the interlayer magnetic interactions. Notably, this outcome of our ab initio simulations is in contrast to the previous studies for spatially finite molecular π systems adsorbed on magnetic substrates. More precisely, the zinc methyl phenalenyl molecule chemisorbed on the Co(111) surface [18] but also the dioxan and dioxin molecules adsorbed on 2 ML Fe/W(110) [19] g i v er i s et o an interlayer softening of the calculated exchange coupling constants J ⊥ due to a skyhook effect, i.e., the Co/Fe surface atoms under the molecules are slightly lifted from the magnetic substrates due to the Co/Fe-molecule interaction.
As a final note, it is important to mention that the 2D π systems graphene and hBN on Co(111) acquire no net magnetic moment. Nevertheless, as depicted in Figs. 2(b) and 2(c), they exhibit a net spin polarization in a given energy interval with respect to the Fermi energy of the graphene(hBN)/Co(111) system, as also shown for several π molecules adsorbed on magnetic surfaces [49, 50] .
To conclude, our first-principles study reveals that the interaction of an extended 2D π -electron system such as graphene and hBN with a ferromagnetic Co(111) substrate leads to an in-plane hardening of the magnetic exchange interactions. In this respect our calculations indicate that the 2D material-Co(111) system exhibits a stronger in-plane Co exchange interaction as compared to the clean Co(111) surface, and this in-plane enhancement of the exchange coupling constants is essentially due to the hybridization between the 2D materials p z -and the substrate d-electronic states (i.e., 2D material-substrate p z -d hybridization effect). Note that a similar behavior was observed for the system graphene on Co/Ir(111). On the other hand, our calculations carried out for graphene and hBN covered Co(111) revealed no hardening or softening for the interlayer magnetic interactions in contrast to finite π -molecular systems. This implies that a spatially extended π system can be used to selectively preserve the magnetic properties of a substrate of choice [51] .
Overall, our ab initio results clearly demonstrate the potential of the extended 2D π -electron systems to change or maintain the magnetic properties of a ferromagnetic surface. Therefore, the knowledge gained in this study can play an important role to precisely control the magnetism at the graphene/hBN-electrode contacts for a better efficiency of graphene/hBN-based spintronic devices.
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